The effect of electron-impurity scattering on momentum and spin relaxation times in graphene is studied by means of relativistic ab initio calculations. Assuming carbon and silicon adatoms as natural impurities in graphene, we are able to simulate fast spin relaxation observed experimentally. We investigate the dependence of the relaxation times on the impurity position and demonstrate that C or Si adatoms act as real-space spin hot spots inducing spin-flip rates about 5 orders of magnitude larger than those of in-plane impurities. This fact confirms the hypothesis that the adatom-induced spin-orbit coupling leads to fast spin relaxation in graphene. DOI: 10.1103/PhysRevLett.110.156602 PACS numbers: 72.80.Vp, 71.70.Ej, 72.25.Rb, 73.22.Pr One of the promising features of graphene [1] for spintronics applications [2] is the long spin lifetime expected from the weak spin-orbit coupling (SOC) [3] . In combination with robust electrical spin injection efficiency [4] [5] [6] [7] [8] [9] [10] [11] [12] , slow spin relaxation would offer a way to graphene-based spintronics. However, nonlocal spin injection experiments [4, [7] [8] [9] [10] [11] [12] provide consistently short spin relaxation times of several hundred picoseconds. By contrast, ideal graphene is expected to have spin relaxation times of at least several microseconds [3] . The clarification of this discrepancy is very important for future applications of graphene.
One of the promising features of graphene [1] for spintronics applications [2] is the long spin lifetime expected from the weak spin-orbit coupling (SOC) [3] . In combination with robust electrical spin injection efficiency [4] [5] [6] [7] [8] [9] [10] [11] [12] , slow spin relaxation would offer a way to graphene-based spintronics. However, nonlocal spin injection experiments [4, [7] [8] [9] [10] [11] [12] provide consistently short spin relaxation times of several hundred picoseconds. By contrast, ideal graphene is expected to have spin relaxation times of at least several microseconds [3] . The clarification of this discrepancy is very important for future applications of graphene.
The spin relaxation of conduction electrons in graphene can be of various origin. They include intrinsic spin-orbit effects and extrinsic spin-orbit fields mainly due to ripples [13] [14] [15] [16] [17] [18] [19] or the substrate [20, 21] . The most reasonable results were obtained with models assuming that adatoms enhance the spin-orbit coupling locally [16, [20] [21] [22] [23] . For instance, it has been proposed that chemisorbed adatoms, such as hydrogen, can locally increase the spin-orbit fields due to sp 3 bonding [23, 24] . However, there have been no first-principles calculations of the spin relaxation time yet to confirm these predictions.
In this Letter we report ab initio studies of the impurityinduced scattering of the Dirac electrons in graphene. The calculations of both spin-conserving and spin-flip scattering rates are based on our approach recently developed and successfully used for bulk systems [25] . With this approach, adapted here for the slab geometry of graphene, we describe the spin relaxation time within the standard Elliott-Yafet spin relaxation mechanism [26] . This mechanism means that conventional scattering processes at impurities, boundaries, interfaces, and by phonons can change the spin state of an electron in the presence of SOC [2] . We deliberately focus on rather light impurities, namely, carbon and silicon being naturally present in graphene, and show that despite their weak atomic SOC they can give fast spin-flip rates at reasonable impurity densities. Our main finding is that these rates depend enormously on the impurity position. Particularly strong spin-flip scatterers are located on top of the bond between the host carbon atoms. We argue that these act as spatial spin hot spots, which are introduced in analogy to the known momentum-space spin hot spots [27] . As an extrinsic mechanism breaking space inversion symmetry and inducing strong spin-orbit fields locally, they can be responsible for the experimentally observed short spin relaxation times.
Our host system is a freestanding flat graphene sheet. To determine energetically favorable positions of the C and Si adatoms on graphene, we used the VASP code [28] within the density functional theory. Three different positions of an isolated adatom were simulated within a 24-atom graphene supercell: (i) on top of the graphene hollow site (OH), (ii) on top of the bridge between two host carbon atoms (OB), and (iii) on top of the graphene site (OS). The determined out-of-plane distances of each adatom configuration as well as their energetics are shown in Fig. 1 . For both carbon and silicon adatoms, the position OB is energetically preferable compared to the two others. This is in agreement with previous ab initio calculations [29] . Figure 1 also shows the charge density contour plots on a vertical plane intersecting the graphene bridge and the C adatom. A similar picture for the Si adatom in the OB position was presented in Ref. [29] . Although the C-C bond between the graphene atoms and the adatom is weaker than the in-plane graphene bond, the adatom induces a strong change of the charge density gradient. This is related to the gradient of the potential perturbation which defines the strength of the effective SOC, whereŝ andp are the operators of the spin and the momentum of the electron, respectively. Here, ÁVðrÞ represents the change of the potential with respect to the ideal host system. As was discussed in Ref. [25] , an enhancement ofĤ eff SO , the change in the SOC induced by the impurity in the host system, is crucial for the considered spin relaxation mechanism.
The impurity at the energetically favorable OB position is our realization of a space inversion symmetry breaking adatom inducing, via sp 3 bonding [23] , strong spin-orbit fields. For reference, we also calculate the scattering rates for the in-plane hollow site (IH) impurity position, known to be quite feasible for point defects in graphene [30] . This position preserves space inversion symmetry and does not induce strong spin-orbit fields. We will show that the corresponding spin-flip rates are orders of magnitude below the OB case.
The electronic structure of graphene was calculated by means of a relativistic Korringa-Kohn-Rostoker method [31] . Because of the presence of both space and time inversion symmetry of the graphene host, each electronic band is twofold degenerate having two Dirac spinor states É þ k and É À k with opposite spin polarizations [31] . The momentum and spin relaxation times are obtained from the calculated microscopic transition probability P ss 0 kk 0 expressed, similar to the case of bulk systems [25] , via Fermi's golden rule
as discussed in the Supplemental Material [32] . Here n i denotes the impurity density, providing together with the sheet area S the total number of impurities n i S in the system. The transition matrix [25] 
describes the transition amplitude for the scattering from the initial momentum state k and spin state s to the corresponding final states k 0 and s 0 . To obtain this quantity, we use the approach of Refs. [25, 33] with technical details described in the Supplemental Material [32] . Taking the Fermi surface averages
we obtain the momentum relaxation time and the spin relaxation time T 1 as
where we have used the symmetry relation Àþ ¼ þÀ .
To calculate these quantities with Eqs. (2)- (5), we assume n i ¼ 2 Â 10 12 cm À2 , which corresponds to one impurity atom per 1000 unit cells, similar to estimations based on experimental data for charged impurities [34] . Such an impurity concentration provides the dilute limit for which Eq. (2) is valid. As mentioned above, our aim is to investigate the spin relaxation in graphene caused by the SOC enhanced by impurities. To follow this idea, we consider only nonmagnetic solutions of the impurity problem neglecting a small magnetization induced for some impurity positions, which would open an additional scattering path.
The main result of our work is shown in Table I , where the momentum and spin relaxation time provided by C and Si adatoms is presented in comparison to the related in-plane impurities. The calculations are performed at the energy of 0.12 eV above the Dirac point. This relates to a carrier density of $2 Â 10 12 cm À2 set by a gate voltage in experiments [4] . The corresponding experimental data are shown in the Table I as well. One can see that the in-plane impurity position (IH) yields reasonable values for , with respect to the experimental data, for both impurity atoms. However, the corresponding spin relaxation time is on the microsecond scale, which is a common theoretical expectation for the spin relaxation caused by the intrinsic SOC in graphene [3] . Thus, such light impurities as C and Si atoms in the graphene sheet cannot modify the SOC significantly. On the other hand, the spin relaxation time becomes orders of magnitude shorter in the case of both C and Si impurities in the OB position. In particular, Si adatoms yield values of T 1 comparable to the experimental data. Consequently, for a fast spin relaxation a strong change of the potential in the out-of-plane direction caused by adatoms is important. Remarkably, Si adatoms, which can be provided by the SiO 2 substrate used in the experiment [4] , also yield the momentum relaxation time close to the experimental data. However, the obtained is about 4 times larger for adatoms in comparison to impurities in plane. Thus, the momentum relaxation in graphene is more affected by in-plane impurities than by adatoms. By contrast, the contribution of the adatoms to the spin relaxation is incredibly enhanced with respect to other impurities. For instance, the relevant ratio =T 1 for the spins out of plane is about 10 À9 for Si impurities in the IH position while it is increased up to $10 À3 for Si adatoms. This shows that adatoms play the role of spatial spin hot spots in analogy to the momentumspace spin hot spots [27] .
The momentum scattering is practically not influenced by the SOC, which is confirmed by the fact that the calculated is unchanged by a rotation of the quantization axis. By contrast, the spin relaxation time has a strong anisotropy with respect to the spin direction, as shown in Table I . This can be understood applying Eq. (1) and taking into account that for the considered spin scattering the gradient of the potential in the z direction (out of plane) is crucial, which follows simply from the comparison of adatoms and impurities in plane. According to Eq. (1), the effective SOC provided by Á z ðÁVÞ should be larger for the spins pointing in the plane in comparison to the ones pointing out. This leads to a stronger spin-flip scattering for electrons with the spin in plane, as reflected in our results. However, it is opposite to an early experimental observation, where a 20% decrease in the spin relaxation time was found for electrons with spins perpendicular to the graphene plane [4] . This subtle point requires further systematic theoretical and experimental investigations. Nevertheless, it is clear that the presence of a substrate in experiments causes Rashba-type spin-orbit fields pointing in the graphene plane. These fields provide stronger relaxation of spins in the out-of-plane direction, since all of them are transverse to the spin-orbit fields. By contrast, for electrons injected in graphene with spins in a certain in-plane direction, only half of the Rashba-type spin-orbit fields have effectively transverse orientation. Thus, a simple estimation for such a mechanism gives T
Taking into account this point, the 20% anisotropy observed in the experiment can be interpreted as a result of interference between the mechanism caused by adatoms and the one induced by the substrate.
The Elliott-Yafet spin relaxation mechanism means a linear relation between T 1 and [26] . Such a correlation is nicely demonstrated in the upper panel of Fig. 2 . Here, the energy dependence of the scattering properties is caused by the impurity states. This is shown in the lower panel of Fig. 2 , where the local density of states (LDOS) of the C and Si adatoms is presented in comparison to the LDOS of a C host atom. In addition, a silicon atom, being isovalent to a carbon one, has a larger atomic number. This causes an increased SOC strongly affecting the spin relaxation time. The energy dependence of our results shown in the upper panel of Fig. 2 does not follow the experimental findings, where and T 1 as functions of the energy reflect the linear dispersion relation well known for graphene [6, [8] [9] [10] 12] . To clarify this point, further investigations are required. In particular, consideration of other reasonable adatoms, such as hydrogen, is very desirable.
It is important to mention that our method allows one to investigate possible scenarios with more than one type of impurities in experimental samples. In the dilute limit of noninteracting scattering centers, the relaxation times can be calculated in analogy to Matthiessen's rule as 1= ¼ 1= þ 1= and
1 , where the symbols and label two different types of defects. For example, let us assume Si impurities to be present at the same time in the IH and OB positions. Then, the in-plane impurities can provide the momentum relaxation, while adatoms are responsible for the spin relaxation. Applying Matthiessen's rule and using the results of Table I , we obtain the momentum relaxation time as ¼ 15 fs and the spin relaxation time as T 1 ¼ 210 ps for spins in the out-of-plane direction. Both values are close to the experimental data, but they are provided from two different impurities. This example can simply explain the experiment of Ref. [7] with Au doping of graphene, where no linear relation between and T 1 was obtained. In fact, for each type of defect the relation, required by the ElliottYafet mechanism, can still be valid. However, owing to different dominating contributions for and T 1 , this relation was not observed in the experiment. Such a situation is important to understand the variety of experiments showing a nonlinear relation between the two relaxation times, like it was observed in the bilayer graphene at low temperature [8] [9] [10] 12] . Normally, one assumes that the Dyakonov-Perel mechanism is dominant in this case. However, our study shows that the absence of the proportionality between and T 1 can be explained within the Elliott-Yafet mechanism as well.
We should also mention that the adatom-induced spin relaxation in graphene cannot be properly described by the phase-shift model [25] , which provides T 1 of 68 and 47 s for Si impurities in the OB and the IH position, respectively. The reason is that this model holds for atomic SOC but fails for SOC induced by strong covalent bonds. Thus, the complete calculations, based on Eqs. (2)- (5), are required for a proper theoretical study of the spin relaxation caused by adatoms on graphene.
In summary, we have demonstrated from first principles that space inversion symmetry breaking adatoms on graphene act as spatial spin hot spots, providing spin relaxation rates several orders of magnitude larger than symmetry conserving impurities. Thus, on the level of ab initio calculations we have proven that the spin-orbit coupling induced by adatoms causes drastically reduced spin relaxation times comparable to experimental data. This work was supported by the Deutsche Forschungsgemeinschaft (DFG) via SFB 762 and SFB 689 projects. In addition, M. G. acknowledges financial support from the DFG via a research fellowship (GR3838/1-1). We also acknowledge the technical support of Peter Zahn with respect to Fermi surface integration.
